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Abstract
In this review, we compare the intra-molecular and inter-molecular electron transfer rate constants of the high-potential branch of the
cytochrome bc1 complex. Several methods such as the conventional stopped-flow spectroscopy, pH-induced electron transfer, photoactivated
ruthenium complex induced electron transfer and photoreleaseable caged quinol, have been used to determine reaction rates between redox
centers in an attempt to elucidate the reaction mechanism of this vital energy conserving complex. Since the most active pure cytochrome bc1
complex has a turnover number of 800 s 1, any step with a rate constant much larger than this will not be rate-limiting. The most likely rate-
limiting step is the cytochrome b redox state governed movement of the head domain of iron–sulfur protein from its electron-accepting site
(‘‘fixed’’ or ‘‘b-state’’ position) to its electron donating site (‘‘c1-state’’ position).
D 2002 Published by Elsevier Science B.V.
Keywords: Cytochrome bc1 complex; Electron transfer rate; Iron–sulfur protein
1. Introduction
The cytochrome bc1 complex (ubiquinol-cytochrome c
reductase) is the central segment of the energy-conserving
electron transfer chains of mitochondria and many respira-
tory and photosynthetic bacteria. This enzyme complex
catalyzes oxidation of ubiquinol and reduction of c-type
cytochromes with concomitant generation of a proton gra-
dient and membrane potential for ATP synthesis by ATP
synthase [1,2]. The mitochondrial cytochrome bc1 complex
exists as an intertwined dimer in the crystal. The 3-D
structure of this bc1 complex not only establishes the
location of the redox centers, transmembrane helices, and
ubiquinone binding at Qi site and inhibitor binding at both
Qi and Qo sites [3–7], but also suggests the movement of
the head domain of the Rieske iron–sulfur protein (ISP)
during bc1 catalysis [4,6].
By using molecular genetic manipulation of bacterial
cytochrome bc1 complex [8,9], we have provided the first
functional evidence for movement of the head domain of
ISP [4,6]. Mutants with increased neck rigidity, generated
by deletion, or double- or triple-proline substitutions, have
greatly reduced electron transfer activity with increased
activation energies [8]. Formation of a disulfide bond
between two engineered cysteines, having only one amino
acid residue between them, in the neck region near the
transmembrane helix, also drastically reduces electron trans-
fer activity [9], presumably due to increased neck rigidity.
Cleavage of this disulfide bond by reduction or alkylation
restores activity to that of the wild-type enzyme [9]. These
results, together with the related works of investigators [10–
16] clearly demonstrate a need for neck flexibility for
movement of the head domain of ISP.
The essentiality of this movement of the head domain of
ISP is further established by generation and characterization
of mutants with a pair of cysteines substituted (one cysteine
each) at the interface between cytochrome b and the head
domain of ISP [17]. The K70C(ISP)/A185C(Cytb) mutant
bc1 complex spontaneously forms a disulfide bond between
ISP and cytochrome b. Formation of this inter-subunit disul-
fide bond arrests the mobility of the ISP head to the ‘‘fixed’’
position thus decreasing electron transfer activity [17].
Crystalline mitochondrial bc1 complex exists as an
intertwined dimer. The head domain of ISP in one mono-
mer is close to cytochromes c1 and b of the other monomer.
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Recently, we generated and characterized mutants with
engineered double cysteine pairs, one pair between the
head domain of ISP and cytochrome b and the other
between the tail domain of ISP and cytochrome b, to see
if the intertwined dimer structure of the cytochrome bc1
complex also exists in solution [18]. If the two ISPs in the
two monomers of the bc1 complex, in solution, are indeed
intertwining, formation of two disulfide bonds between the
two engineered cysteine pairs in the mutant complex should
produce an adduct protein, with an apparent molecular
mass of 128 kDa, composed of two cytochrome b subunits
and two ISP subunits. When cytochrome bc1 complexes
were purified from K70C(ISP)/A185C(Cytb)//P33C(ISP)/
G89C(Cytb) and K70C(ISP)/A185C(Cytb)//N36C(ISP)/
G89)(Cytb) mutant chromatophores and subjected to
SDS-PAGE in the absence of h-ME, a Mr = 128 protein
band composed of two cytochrome b subunits and two ISPs
was detected. These results clearly demonstrate that cyto-
chrome bc1 complex exists as an intertwined dimer in
solution.
Except for the lack of data showing ubiquinone/ubiq-
uinol binding at the putative Qo site, the structure of
cytochrome bc1 complex accommodates well the Q-cycle
hypothesis [19] for electron transfer in the complex. With-
out ubiquinol binding information, the detailed bifurcation
of ubiquinol oxidation is difficult to establish [20]. Yet
bifurcated ubiquinol oxidation is the key step in the Q-
cycle mechanism. Several models of bifurcated oxidation
of ubiquinol at the Qo site have been proposed. These are:
the catalytic switch model which suggests bifurcated
oxidation of ubiquinol being controlled by different bind-
ing sites for ubiquinol and ubisemiquinone [21]; the
proton-gate affinity change model which suggests electro-
static interaction between reduced 2Fe2S and bound semi-
quinone prevents electron transfer from 2Fe2S to
cytochromes c1 prior to oxidation of the bound ubiquinone
by cytochromes bL [22]; the double-occupancy Qo site
model in which ubiquinone at a high affinity domain
behaves as a catalytic cofactor and the ubiquinol at a
low affinity domain as a substrate [23]; and the structure-
based model in which the head domain of ISP moves from
a position near to cytochromes bL to one near to cyto-
chromes c1, after reduction by the first electron of ubiq-
uinol. This motion may occur after an electron from
ubisemiquinone is transferred to bL and then to bH
[6,24]. One of the approaches used to resolve the electron
transfer pathways in multi-redox center complexes is
determination of electron transfer rates among the redox
centers. Although the spectral characteristics of the partic-
ipating redox centers of the bc1 complex makes these
determinations possible spectrophotometrically, the fast
reaction kinetics and the lipophilic nature of substrate
ubiquinol have complicated the use of kinetic analysis to
elucidate the electron transfer pathways in this complex.
Herein we discuss the rate constants of intra-molecular
electron transfer between 2Fe2S and heme c1, under various
conditions induced by pH change [25] and by photoacti-
vated bipyridine ruthenium [26,27]. The inter-molecular
electron transfer between the bc1 complex and its donor
and acceptor are reviewed and the rate-limiting step in the
bc1 complex is discussed.
2. The rates of intra-molecular electron transfer between
2Fe2S and heme c1
The rates of electron transfer between 2Fe2S and heme c1
in the cytochrome bc1 complex have been determined by
two methods: (a), pH-induced electron transfer in a cyto-
chrome c1 partially reduced complex [25] and (b), re-
reduction of photoactivated ruthenium complex induced
oxidized cytochromes c1 [26,27].
2.1. pH-induced electron transfer between 2Fe2S and
heme c1
This method is based on the fact that the Em of 2Fe2S is
pH-dependent, with a slope of about 60 mV per pH unit
[25,28], and that of cytochrome c1 is pH-independent.
Therefore, electron transfer between 2Fe2S and heme c1
occurs, without input of electrons, when the pH of the bc1
complex changes. At pH 8.0, the redox potentials of 2Fe2S
and heme c1 are about the same. Decreasing the pH of a
partial reduced cytochrome bc1 complex will cause cyto-
chrome c1 oxidation and increasing pH of this complex will
cause cytochrome c1 reduction, with concomitant ISP
reduction or oxidation. The rates of these acid- or base-
induced cytochrome c1 oxidation or reduction are deter-
mined [25].
Experimentally, a cytochrome c1 half-reduced cyto-
chrome bc1 complex, at pH 8.0, was diluted in 20 mM
phosphate buffer, pH 6.8 or 9.2, containing 0.01% lauryl
maltoside and 100 mM KCl to a cytochrome c1 concen-
tration of around 10 AM and mixed with buffers of various
pHs at various temperatures in an Olis stopped-flow rapid
scanning spectrophotometer [25]. Oxidation or reduction of
cytochrome c1 was monitored by the decrease or increase of
absorption at 553 nm.
The rates for forward (from 2Fe2S to heme c1) and
reverse (heme c1 to 2Fe2S) electron transfer reactions in
the beef complex were estimated from the observed t1/2 of
> 346 and >1300 s 1, respectively. Purified cytochrome bc1
complex (0.02 mg/ml) dispersed in 50 mM of phosphate
buffer, pH 7.4, containing 1 mM EDTA and 0.01% lauryl
maltoside has a specific activity of 48 Amol cytochromes c
reduced per min per nmol of cytochromes c1 in an assay
system containing 100 mM phosphate buffer, pH 7.4, 1 mM
EDTA, 100 AM cytochrome c, and 25 AM Q2H2 at 25 jC.
The turn-over number of the beef complex, calculated from
the specific activity, is 800 s 1. This number is higher than
the rate for electron transfer from 2Fe2S to heme c1. This
unexpectedly low rate of base-induced electron transfer
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from 2Fe2S to heme c1 is likely due to the slow movement
of the head domain of ISP under the experimental condi-
tions. Probably, the head domain of reduced ISP is not
capable of rapid motion without energy input from its
interacting partner, most likely cytochrome b. Thus, the
redox state of cytochrome b may play an important role in
governing the movement of the head domain of reduced ISP.
The base-induced heme c1 reduction by 2Fe2S in a
partially reduced beef complex was recently re-examined
in using a different stopped-flow apparatus (Applied Photo-
physics SX.18 Stopped-flow Reaction Analyser). The time
trace for heme c1 reduction was resolved into two compo-
nents; about 60% of the induced heme c1 reduction occurred
in less than 1 ms and the rest (40%) proceeded at a low rate,
1.34 s 1. This slow reduction phase was temperature- and
medium viscosity-dependent, suggesting that a large move-
ment or conformational change of protein may be involved.
The rate of the fast reduction phase was estimated to be
higher than 7000 s 1 since it is completed within the dead
time of 100 As in a continuing-flow mixing apparatus [29].
In cytochrome c1 partially reduced complexes, some of the
molecules, which have heme c1 and 2Fe2S either, both
reduced or both oxidized. These will not be involved in
intra-molecular electron transfer between heme c1 and
2Fe2S when the pH is changed. The remaining portion of
molecules, which have c1, reduced and ISP oxidized, or vice
versa, will undergo intra-molecular electron transfer when
the pH of the complex is changed. When the pH of the
complex is increased, electron transfer from 2Fe2S to heme
c1 takes place. The molecules with reduced ISP near to
heme c1 (‘‘c1-state’’) will have a high rate constant. Mole-
cules with reduced ISP far away from heme c1 (‘‘b-state’’)
will have a low rate constant. Since reduction of heme c1
with low rate constant is temperature and viscosity of the
medium-dependent, this reaction involves protein domain
movement.
In contrast to base-induced cytochrome c1 reduction, no
slow oxidation phase of cytochrome c1 was observed after
acid induction. Acid-induced cytochrome c1 oxidation pro-
ceeds in one fast phase, which is completed within the 100
As mixing dead time. This result suggests that when heme c1
is in the reduced state, a portion of its oxidized partner, ISP,
is located close by and fast electron transfer takes place. The
other portion of oxidized ISP is probably very far away from
heme c1, hence, no electron transfer takes place and the head
domain of this oxidized ISP is probably not in motion.
Therefore, only one fast phase is observed for acid-induced
heme c1 oxidation.
The X-ray crystallographic studies of the beef complex in
various redox states indicate that the position of 2Fe2S
varies greatly with the redox state of the complex (Table 1).
When the complex is fully oxidized, less than 30% of the
2Fe2S clusters are located at the ‘‘fixed’’ or ‘‘ b-state’’; the
rest are in the loose-position, somewhere between the
‘‘fixed’’ position (‘‘b-state’’) in the I4122 crystal form and
the so-called ‘‘c1-state’’ position observed in the p65221
[4,5] crystal form. When the complex is fully reduced, the
occupancy of 2Fe2S at the ‘‘fixed’’ position increases to
>75%. However, in the partially reduced state, the occu-
pancy of ISP clusters at ‘‘fixed’’ position decreases to
< 20%.
2.2. Laser activated ruthenium complex-induced electron
transfer between 2Fe2S and heme c1
Since none of the currently available mixing devices is
capable of accurately determining the rate of electron
transfer between 2Fe2S and heme c1, a non-mixing
method was used [26,27]. A highly positively charged
( + 4) ruthenium dimer (Ru2D) was used to either photo-
reduce or photooxidize cytochrome c1 within 1 As. Ru2D
has a charge of + 4, which allows it to bind with high
affinity to the cytochrome c docking site on cytochrome bc1
complex.
Experimentally, Ru2D (20 AM) was reacted with 7 AM of
cytochrome bc1 complex in 20 mM borate buffer containing
0.01% lauryl maltoside and 10 mM of the sacrificial
electron acceptor or donor. The complex was reduced with
10 AM ubiquinol before photolysis. Upon laser photolysis,
Ru2D is excited to a metal-to-ligand excited state which is a
strong oxidant in the presence of sacrificial acceptor
[Co(NH3)5C]
2 + or paraquat. It oxidizes heme c1 within 1
As as indicated by a sharp decrease in absorbance at 552 nm.
The oxidized heme c1 is then re-reduced by its electron
donor, ISP, as indicated by an increase in absorbance at 552
nm. The re-reduction of heme c1 is biphasic with rate
constants of 16,000 and 250 s 1 and relative amplitudes
of 66% and 34% [26]. The fast rate constant is sensitive to
ionic strength and has a large temperature dependence.
Oxidant-induced reduction of heme bH is also observed to
be biphasic, with rate constants of 250 and 30 s 1 in the
presence of antimycin.
When this similar method is used to determine the rate of
electron transfer from 2Fe2S to heme c1 in Rhodobacter
sphaeroides cytochrome bc1 complex, re-reduction of heme
c1 shows biphasic kinetics with rate constants of 80, 000 and
1200 s 1 at 25 jC. The relative amplitudes for the fast and
slow phases are about equal, 50% each. The rate constant
for oxidant-induced reduction of heme bH is determined to
be 1000 s 1 in the presence of antimycin.
Table 1
Redox state dependence of the relative anomalous peak height of the 2Fe2S
cluster of ISP (normalized to heme b) in the beef cytochrome bc1 complex
Crystal preparation Peak ratio (2Fe2S/bH)
Native bc1 complex (fully oxidized) 0.56
Native bc1 complex (reduced by ascorbate)
a 0.78
Native bc1 complex (50% c1 reduced) 0.24
Native bc1 complex (20% c1 reduced) 0.29
Native bc1 complex (>90% c1 reduced) 1.15
a c1 fully reduced, bH slightly reduced.
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Flash photolysis of a solution containing the beef com-
plex, Ru2D, and sacrificial donors, 10 mM aniline and 1
mM 3-carboxy-2,2,5,5-tetra-methyl-1-pyrrolidinyloxy free
radical, results in reduction of heme c1 within 1 s, followed
by biphasic re-oxidation of heme c1 with rate constants of
90,000 and 7300 s 1 [26]. The relative amplitudes for the
fast and slow phases are 57% and 43%, respectively. The
fast phase rate is temperature-independent.
3. Effect of the Qo site inhibitor on the intra-molecular
electron transfer
From structural analysis of the cytochrome bc1 com-
plexes loaded with different Qo site inhibitors, it is clear that
the binding of these inhibitors affects the location of the
2Fe2S cluster. Famoxadone is the most effective in arresting
the 2Fe2S cluster to the ‘‘fixed’’ or ‘‘b-state’’ position based
on the anomalous peak height observed in famoxadone
loaded crystal. Stigmatellin has a similar effect. However,
binding of MOA-stilbene releases 2Fe2S to the ‘‘loose’’
positions with no 2Fe2S in the ‘‘fixed’’ position. Table 2
summarizes the relative intensities of the anomalous peak of
the 2Fe2S cluster at the ‘‘fixed’’ position in the presence of
various Qo site inhibitors.
In the absence of a Qo site inhibitor, flash photolysis (in
the presence Ru2D and sacrificial donors) induces reduction
of cytochrome c1, which is rapidly re-oxidized by 2Fe2S in
a biphasic manner. These re-oxidation phases are com-
pletely eliminated when stigmatellin is present. This lack
of re-oxidation of heme c1 is apparently due to the long
distance between heme c1 and 2Fe2S because stigmatellin
locks the 2Fe2S cluster in the ‘‘fixed’’ position. The
elevation of the Em of 2Fe2S, upon the binding with
stigmatellin, should facilitate electron transfer from heme
c1 to 2Fe2S if the 2Fe2S is close to heme c1.
Flash photolysis of ubiquinol reduced cytochrome bc1
complex, in the presence of Ru2D and sacrificial acceptor,
causes rapid photooxidation of heme c1, followed by fast
biphasic c1 re-reduction and slow biphasic bH reduction.
Addition of stigmatellin to this system completely elimi-
nates the re-reduction of heme c1, suggesting that reduced
2Fe2S is located in the ‘‘fixed’’ position. Similarly, addition
of famoxadone decreases the re-reduction rate of c1 by
seven-folds. Addition of MOA-stilbene completely elimi-
nates the slow phase of c1 re-reduction and both phases of
bH reduction. Since the rate constant of the fast phase bH
reduction is comparable to that of the slow phase of c1
reduction, these two reduction phases may result from the
bifurcated oxidation of ubiquinol.
The effect of Qo site inhibitors on pH-induced electron
transfer between heme c1 and 2Fe2S differs from that
observed with flash-induced electron transfer. Famozadone
and azoxystrobin have no significant effect on the acid-
induced electron transfer from heme c1 to 2Fe2S, but have a
significant effect on the base-induced electron transfer from
2Fe2S to heme c1. They decrease the extent of the fast phase
and reduce the rate of slow phase of heme c1 reduction.
However, MOA-stilbene and myxothiazol have no signifi-
cant effect on pH-induced electron transfer between c1 and
ISP. These results suggest that reverse electron transfer from
heme c1 to 2Fe2S is not regulated by cytochrome b.
4. Correlation between rate of electron transfer and the
location of the 2Fe2S cluster
Flash activated Ru-complex induced intra-molecular
electron transfer between 2Fe2S and heme c1 takes place
only when both redox centers are in the same redox state,
either both oxidized or both reduced, before induction.
Having 2Fe2S and heme c1 in the same redox state is an
unphysiological condition, especially when both are in the
reduced state (ISPred c1
red). Therefore, the population of
molecules in those situations (ISPred c1
red, ISPox c1
ox) is
expected to be small under the normal conditions. When
both cytochrome c1 and ISP in the complex are reduced by
ubiquinol, most of the reduced 2Fe2S is located at ‘‘b-state’’
position (see Table 1). Probably the distance between ISPred
and c1
red is larger than that between ISPox and c1
ox because
of electrostatic repulsion in the former. The rate constant for
the flash-induced reduction of ISP is larger than that of the
flash-induced re-reduction of c1 is apparent.
In the case of pH-induced electron transfer between ISP
and c1, only (ISP
red c1
ox) or (ISPox c1
red) species are
involved. The rate constants indicate that only one popula-
tion of molecules (ISPox c1
red) are close enough for fast
electron transfer upon acidification. Other ISPox molecules
may be farther away from the reduced heme c1. Since base-
induced electron transfer shows biphasic kinetics (with rate
constants of >7000 and 1.34 s 1), some portion of the
molecules ISPred c1
ox (60%) are close to heme c1 and others
(40%) are not. The distance difference in these two rate pairs
is calculated to be 6.1 A, according to the reported rate
distance relationship [30]. Assuming the distance between
c1
ox and ISPred in the high rate pair is 15.5 A (c1-state
position in p65221 crystal), the distance in the slow reduc-
tion pair would be 21.6 A, which is very close to the
‘‘fixed’’ or ‘‘b-state’’ position.
Table 2
Effect of Qo site inhibitor on the relative anomalous peak height of the
2Fe2S cluster of ISP (normalized to heme b) in the beef cytochrome bc1
complex
Crystal preparation Peak ratio (2Fe2S/bH)
Native bc1 complex (fully oxidized) 0.56
+MOA-stilbene –
+Myxothiazol 0.38
+ Stigmatellin 1.18
+UHDBT 0.97
+ Famoxadone 1.49
+Azoxystrobin 1.07
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5. Electron transfer between cytochrome c1 and
cytochrome c
Early studies of electron transfer between isolated beef
cytochrome c1 and c were carried out with conventional
stopped-flow apparatus [31,32]. In 50 mM phosphate buffer,
pH 7.4, the rate constants for forward and reversed electron
transfer between the isolated cytochromes c1 and c were
determined to be 3.3 107 and 1107 s 1 M 1, respec-
tively, at 10 jC [31]. The rates are ionic strength-dependent.
Cytochrome c1 in the bc1 complex behaves like that in the
isolated form. Isolated cytochrome c1 contains an equal
molar amount of hinge protein. When a single polypeptide
c1 protein was used, a comparable rate constant was
obtained [32]. Since these rates are determined at the upper
limit of the conventional stopped-flow apparatus, the actual
rates may be higher. The electron transfer between cyto-
chromes c1 and c were re-examined using a cytochrome c
preparation with tris(bipyridine)ruthenium covalently
attached to a specific lysine residue (Ru-cyt c) [33].
At low ionic strength, flash photolysis of a sample
containing 11 AM Ru-cyt c, 10 AM cyt c1, sacrificial donor
(10 mM aniline and 1 mM 3-carboxy-2,2,5,5,-tetramethyl-
pyrrolidine-N-oxyl) in 5 mM sodium phosphate buffer, pH
7, results in a very rapid reduction of cytochrome c followed
with re-oxidation of cytochrome c and reduction of cyto-
chrome c1 detected by an absorbance decrease at 548 nm
and an increase at 554 nm. The rates of the transients at 548
and 554 nm are the same, ranging from 4800 to 23,000 s 1
depending on which lysine residue of cytochrome c is
covalently linked to the ruthenium complex. The first-order
rate constant does not change as the ionic strength is
increased from 10 to 50 mM, but decreases significantly
on further increases in ionic strength. At higher ionic
strength, the rate becomes cytochrome c1 concentration-
dependent, indicating second-order kinetics. The second-
order rate constant for Ru-25-cyt c is 1.2 108 M 1 s 1at
25 jC in 50 mM EDTA and 5 mM sodium phosphate buffer,
pH 7. This is about one order of magnitude higher than that
determined by conventional stopped-flow at 10 jC [31,32].
6. Electron transfer between ubiquinol and cytochromes
b and c1
Oxidation of ubiquinol by cytochrome bc1 complex was
first studied by conventional stopped-flow spectroscopy
using purified beef bc1 complex or succinate-cytochrome c
reductase dispersed in 50 mM phosphate buffer, pH 7.4
containing 0.5% sodium cholate and ubiquinol-2 dispersed
in the same buffer [34]. The concentration of enzyme used
was 5 AM and ubiquinol-2 was 25 AM. Reduction of
cytochrome b was followed by the absorption increase at
562 nm and reduction of cytochrome c1 was followed by the
absorption increase at 552 nm. At 10 jC, the rate constants for
the reduction of b and c1 were 231 and 69 s
 1, calculated
from t1/2 of 3 and 10 ms, respectively, when purified succi-
nate-cytochrome c reductase was used. When antimycin was
added to the system, a significant decrease in the rate, 35 s 1,
was observed with substantial increase in amount of the
reduction. When purified cytochrome bc1 complex was used
under the same conditions, rate constants for the reduction of
b and c1 were 173 and 35 s
 1 calculated from t1/2 of 4 and 20
ms. These rates are lower than the turnover number calculated
from the specific activity of the enzyme. The uncertainty of
the substrate concentration (low aqueous solubility of ubiq-
uinol) and its accessibility to the active site, as well as the
mixing dead time of the stopped-flow apparatus, have some-
what undermined the results obtained.
To avoid the possible complication arising from the
mixing dead time of the stopped-flow experiment, Hansen
et al. [35] have recently re-examined the kinetics of ubiq-
uinol oxidation by cytochrome bc1 complex using a photo-
releasable ubiquinol substrate (DQ-BCMB). The substrate
was synthesized by coupling decyubiquinol (DQ) with the
water-soluble protecting group 3V,5V-bis(carboxymethoxy)-
benzoin (BCMB) through a carbonate linkage. Solutions of
1.7 or 3.4 AM beef cytochrome bc1 and 100 AM BQ-BCMB
in 100 mM sodium phosphate buffer, pH 7, containing 0.1%
dodecymaltoside was irradiated with a 308 nm laser pulse
(4.5 mJ). Following photolysis, the electron transfer from
decyubiquinol to cytochrome bc1 was monitored by absorp-
tion changes over the wavelength ranges 400–450 and
540–580 nm. These wavelength pairs were used to follow
the reduction of cytochrome b and c1, respectively. Cyto-
chrome b reduction shows an initial rapid phase with a rate
constant of 270 s 1, followed by a slow oxidation phase
with a rate constant of 34 s 1. Analysis of cytochrome c1
reduction reveals a rate constant of 60 s 1. Under the
conditions used, these rates were not substrate concentra-
tion-dependent in contrast to those reported previously
[36,37]. These rates [35] are lower than the turnover number
of the beef cytochrome bc1 complex.
Since the characteristics of the tracing of cytochrome b
reduction by photoreleased ubiquinol are very similar to
those of cytochrome b reduction obtained by slow input of
electrons to cytochrome bc1 complex, apparently, the real
concentration of substrate is limiting. If a higher concen-
tration of ubiquinol is available, the actual higher rate might
be observed. In an early study, the slow input of electron to
the bc1 complex was managed by controlling the amount of
succinate-cytochrome c reductase and succinate [38].
In studying ubiquinol oxidation by cytochrome bc1
complex, ubiquinol was also generated photochemically
by bacterial reaction centers [33] in chromatophores con-
taining the reaction center and cytochrome bc1 complex.
The second-order rate constant for the reduction of cyto-
chrome b by ubiquinol was estimated to be 2–3 105 M 1
s 1, assuming a ubiquinol concentration of 1–3 mol/mol
complex. This rate is lower than that calculated from the
specific activity of the most active purified cytochrome bc1
complex of R. sphaeroides.
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7. The rate-limiting step in the electron transfer from
ubiquinol to cytochrome c catalyzed by cytochrome
bc1 complex
The rate constant of the inter-molecular electron transfer
between cytochromes c1 and c is much higher than the
turnover number of the purified complex. Thus, this step
cannot be rate-limiting. The rate of electron transfer from
heme c1 to 2Fe2S in the ‘‘c1-state’’ position, or its vicinity,
is also too fast to be rate-limiting. The rate of electron
transfer from 2Fe2S in the ‘‘fixed’’ or ‘‘b-state’’ position to
heme c1 when cytochrome bH is in oxidized state is slower
than the complex turnover number. However, when cyto-
chrome bH is in the reduced state, electron transfer from
2Fe2S to heme c1 is compatible with the turnover of the bc1
complex. Therefore, this is most likely the rate-limiting step.
Since this step involves the movement of the head domain
of ISP, catalytic activity is governed by domain movement,
which in turn is regulated by the redox state of cytochrome
b. Energy conserved from the oxidation of cytochrome bL
and reduction of bH is used for a conformation change of
cytochrome b, which in turn makes movement of the head
domain of ISP possible [39]. There are two possible
mechanisms. Either cytochrome b actively pushes the head
domain of ISP or passively allows or releases the head
domain to move.
Although the rate constant observed for ubiquinol oxi-
dation or cytochrome b reduction is lower than the catalytic
activity of the complex, it may not be the rate-limiting step.
The low rate observed is probably due to the imperfection of
the substrate delivery system used. Interaction between
cytochrome bc1 complex and its substrate, ubiquinol, is
very dependent on the detergents used.
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